Heavy metal pollution from both anthropogenic and natural processes can have significant effect on environmental quality of stream and river systems. However, in Ghana, heavy metal pollution of waterbodies is attributed mainly to mining activities but the role of natural mechanisms in altering stream water and sediment quality in relation to heavy metals has received little attention. Spatial and temporal variation in water quality parameters and heavy metal concentrations in water and sediments were studied comparatively in a river and two streams in a gold-rich watershed impacted by heavy mining activities. Samples were collected monthly over a twelve-month period from November 2010 to October 2011 from upstream (unmined) and downstream (mined) sections of the studied streams. Parameters measured include temperature, dissolved oxygen, conductivity, pH, turbidity, colour, mercury (Hg) and arsenic. High spatial variability of water quality parameters was found. Hg concentrations in water were extremely low in both upstream and downstream areas. Maximum geochemical background levels of Hg in unmined pristine areas were 2.45 mg/g whilst arsenic was 29.10 mg/g. By contrast, gold-mined downstream areas recorded Hg and arsenic concentrations of 8.75 mg/g and 82.53 mg/g in stream sediments respectively. Levels of Hg and arsenic in sediments were several orders of magnitude greater than concentrations in surface water in downstream sections and this may be explained by substances originating from mining activities, upstream transport or re- 126 Journal of Geoscience and Environment Protection mobilized sedimented materials in the overlying water column. Our study showed that both natural and human activities may contribute to heavy metal pollution in the highly mineralized watershed of the Pra River Basin. Human factors are however likely to amplify the natural background levels of heavy metals.
Introduction
Heavy metal pollution of aquatic systems from gold mining activities constitutes one of the most pernicious effects on environmental quality. Heavy metal chemical stressors are known to impair metabolic and physiological functions of affected organisms impacting overall ecosystem health [1] . In Ghana, heavy metal contamination of rivers and water ecosystems as a result of small scale mining and artisanal mining operations have been studied extensively [2] [3] [4] .
Pollutants such as mercury (Hg) are introduced into the environment through amalgamation processes associated with small scale gold-refining activities [2] [5] [6] . Other contaminants commonly associated with such scale of mining include arsenic, cadmium and lead [7] . These heavy metals are recalcitrant, non-degradable, toxins that have the capacity to bioaccummulate and biomagnify in organisms and foodwebs with potential health risks for humans [8] [9] .
For Hg, [10] has indicated the possibility of two main hazards; firstly, occupational inorganic Hg poisoning by direct inhalation of Hg vapor during the processes of burning and re-burning Hg-Au amalgam. Secondly, a part of Hg discharged into river systems is methylated and ultimately bioaccummulated to a significant level in fish.
Tropical soils are particularly rich in naturally occurring mercury, arsenic and other heavy metals [11] [12] . Variability in seasonal hydrologic conditions can also influence the transport, transformation and chemical behaviour of heavy metals en route to bottomlands and stream beds where conditions favour biogeochemical Hg methylation and increased toxicity [13] [14] . Hg utilized in the gold extraction process may be incompletely recovered for reuse allowing the residues to escape into the environment [15] [16] . Hg toxicity has therefore become a central issue in environmental management and their presence along with other substances alters the chemistry of aquatic systems imposing acute and chronic stress on aquatic biota [17] . Furthermore, people living along the river and depending on riverine resources have increased health risk from exposure to Hg and may develop toxic levels through potential repeated consumption of contaminated fish. it is able to vary in toxicity and reactivity according to the oxidation state [12] .
Arsenic oxidation states are −III, 0, +III and V, however its predominant forms are As (III) and As (V) [12] .
In Ghana, heavy metal pollution of water and sediments of streams and rivers have mainly been attributed to gold mining activities. In highly mineralized watersheds that are common throughout the country, we expect high background geochemical concentrations of heavy metals in pristine, unmined areas. We also hypothesized that gold-mined areas would have amplified levels of heavy metals above the natural background levels. Our aim therefore was to assess the spatial and temporal variations in the relative concentrations of heavy metals in streams connected to mined and unmined areas within the same watershed. Our research sought to provide information on the relative importance of natural and anthropogenic factors in shaping environmental quality of stream ecosystems.
Materials and Methods

Study Area
The study was conducted in three flowing water bodies located in the East Akim Municipal Assembly of the Eastern Region of Ghana with a total land area of approximately 725 km 2 ( Figure 1 ).
The aquatic systems consisted of one large river (Birim) and two relatively small streams, Abohyensuo and Ankobirim which are interconnected within the same drainage network. The Birim River is one of the major tributaries of the Pra River. Sampling locations for the Birim, Abohyensuo and Ankobirim were at Kibi, Apapam and Asikam respectively. The area is located within the rainforest zone of Ghana where mean annual rainfall of 1650 mm is comparatively higher [25] . The annual climatic cycle is characterized by a major rainfall peak in
May/June and a secondary peak in September/October with air temperatures ranging between 21˚C and 32˚C [26] . Two sites on each stream corresponding to upstream (unmined) and downstream (mined) conditions were selected. The study locations contain rich gold deposits produced from the underlying Birimian rock formation and constitute some of the most active alluvial gold mining areas in Ghana [27] . Mining activities are commonly carried out along stream banks and within stream channels.
Other mineral resources include diamond, bauxite and kaolin [27] . The municipality is drained by many rivers and streams including the Birim, Abohyensuo and Ankobirim which forms part of the Pra River Basin. The watershed also overlaps with the Atewa and Apedwa forest ranges. The drainage network is dendritic flowing in the north-south direction [28] . Field sampling was done from November 2010 to October 2011. Sampling points were marked using a Global Positioning System (GPS) Garmin 60 CSX (Table 1) .
Sample Collection
Monthly samples for water quality analysis were collected from upstream and [33] . Turbidity was measured with turbidimeter (2100Q Portable Turbidimeter HACH, USA). All field instrumentations were pre-calibrated to standard requirements prior to use. The samples were kept in ice coolers at a temperature of 4˚C and transported to the laboratory for analysis. Samples were analyzed within 24 hours. Sediment samples were collected using grab samplers. The samples were placed on polythene sheet to prevent contact with other natural ground surface contaminants. All debris were hand-picked and removed from the samples. 5g of each sample were collected using a soil scoop and placed in 100 mm by 140 mm polythene sample bag and ziplocked. Samples were assigned similar ID's in correspondence to the locations where water samples were collected. The samples were kept in ice cooler to maintain temperature at 4˚C and transported to laboratory for analysis.
Statistical Analysis
Data were analyzed with SYSTAT 10 (Systat Software Inc.) and statistical differences examined at the 5% probability level (p < 0.05) using one-way Analysis of
Variance (ANOVA) to compare variations in monthly means of environmental parameters between water column and sediments at the same site (upstream or downstream) and between water column and sediments at different sites (upstream vrs downstream).
Results
River and Stream Morphometry
Morphometric features of the streams and river regarding mean width and 
Spatial Variation in Water Quality of Rivers
Mean monthly values of environmental parameters are shown in Table 2 . Generally, temperature, pH, dissolved oxygen and Hg showed restricted range in concentrations among sites. By contrast relatively large differences were observed for the concentration in colour, arsenic and conductivity. Distinct patterns between upstream and downstream water quality conditions were not detected (Table 2) .
Only pH and DO varied significantly between upstream and downstream sites of the Birim River at p < 0.05 (Table 3 ) but variation in other streams was not significant. Water quality differences were not significant in Abohyensuo and Ankobirim streams at p < 0.05 (Table 3) . Hg concentrations in stream water
were extremely low in all upstream and downstream sites. Arsenic concentrations were higher in upstream than downstream areas in all rivers. General trends of higher upstream concentrations to lower concentrations were apparent in all rivers (Table 2) . Table 3 . Variation in mean monthly water and sediment quality parameters between upstream and downstream sites at p < 0.05 significant level and n = 12. Significant levels indicated with asterisk (*) Units of measurement for sediment quality is mg/g. 
Spatial Variation in Sediment Quality of Rivers
For Birim and Ankobirim, mean sediment pH was higher in downstream sites ( Table 5 ). The range in pH was low but conductivity was highly variable among rivers. A similar pattern in the spatial variation in conductivity, Hg and arsenic concentrations were observed ( Table 4 ). The spatial trend in sediment conductivity and pH were similar to the pattern of changes observed for heavy metals. (Table 4) . Variation in mean monthly concentrations in arsenic was significant only in Ankobirim at p < 0.05 (Table 4) .
Differences in conductivity between water and sediment layers were only significant at the upstream locations of Birim and Abohyensuo but not Ankobirim (Table 4) . Sediment pH was significant at upstream and downstream locations of Birim (Table 5) . Comparison of site-specific heavy metal concentrations (Table 5) .
Seasonal Variation in Mercury and Arsenic Concentrations in Water and Sediments
Generally 
Discussion
Data obtained from the study showed reduced spatial and temporal variability in water quality parameters namely temperature, dissolved oxygen, conductivity, turbidity and pH at all sites sampled, which indicates a uniform physicochemical environment least affected by seasonal changes in stream hydrology. By contrast, there were clear spatial patterns and variation in the distribution of Hg and arsenic in mined and unmined areas. Heavy metals in rivers originate from multiple sources such as geological weathering, industrial effluents and domestic effluents [34] . Risk to rivers due to large contamination from mining operations and activities potentially vary considerably in different reaches as toxicant or chemical pollutants depending on their properties are progressively broken down, changed from one state to the other or immobilized after discharge into a river [35] .
Hg concentrations in water was low in both upstream and downstream areas in comparison with Ghana EPA standard limit of 0.1 ppb and WHO 0.001 [3] . This could possibly be due to the high flushing rates of the rivers from the high precipitation experienced in the tropical rainforest zone. Low Hg levels might also be attributed to higher ingestion rate of organisms, resuspension of sediments and absorption onto particulates as monitoring periods coinciding with the onset of the dry season can account for reduced transport and suspension from hydrological influences. According to [36] , Hg dispersion is generally low under conditions of limited river discharge which can affect its transportation in large elemental, metallic form from upstream to downstream areas. Sampling distances may also contribute to reductions in Hg levels as noted by [37] .
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Iron oxide rich laterites and swamps also act as natural barriers for the dispersion of Hg in rivers [37] . Risk to rivers due to large contamination from mining operations and activities potentially vary considerably in different reaches as toxicant or chemical pollutants depending on their properties are progressively broken down, changed from one state to the other or immobilized after discharge into a river [35] .
Arsenic concentrations were relatively high in upstream areas that were not associated with mining activities in comparison to USEPA reference limit for soil 0.4 µg/g. This suggests that arsenic may be released into surface waters by natural processes of erosion, dissolution and weathering of rocks which do contribute significantly to heavy metal contamination of environmental systems [14] [24] . Pedogensis can also explain the high levels of Arsenic observed [38] .
Sediment pH measured in this study indicated a lower 6.18 to a maximum 6.90
indicating a high acidic state of soils in the study area which can increase arsenic content by increasing mobilization and availability [39] [40] . Arsenic tends to concentrate in the surface horizons because of atmospheric deposition, vegetation recycling, and the presence of oxides and organic matter which reduce mobility [41] . According to [42] , arsenic may be found in water which has flowed through arsenic-rich rocks. The presence of arsenic may impact significantly on aquatic life. Environments contaminated with arsenic may affect aquatic biodiversity by limiting species abundance and diversity [27] . Naturally, arsenic exhibits fairly complex chemistry and can be present in several oxidation states (−III, 0, III, V) [43] which can increase its persistence in the environment. As noted by [44] and observed in this study, the high concentrations of arsenic in unmined areas suggest that heavy metal contamination from natural processes may be substantial in the gold-rich geology of the area.
Arsenic concentration was much lower in downstream of rivers in comparison to WHO reference limit of 10 µg/g ( [45] ; Table 6 ) despite high mining activity. The low levels of arsenic in downstream areas of river water column suggest physical processes may lead to rapid sedimentation and storage in the river sediments. The sediments may thus act as a reservoir that may later remobilize arsenic and increase concentrations in the water column. The differential concentrations of arsenic in water and sediment may create a potential for contamination in the overlying water column when no mining activity has occurred. This sediment accumulation of arsenic may be toxic to plant and animal life and consequently affect aquatic health particularly sediment-dwelling organisms.
The presence of arsenic may be detrimental to aquatic organisms as they lead to inhibition of several functional physiological and biochemical activities [9] .
Sediment concentrations of Hg were several orders of magnitude higher than in the overlying river water column. Downstream sediments however had higher concentrations than upstream areas. The generally high sediment concentrations may be due to mining activities in downstream sections amplified by natural background concentrations of Hg in lithogenic soils. Natural lithogenic Hg has been found in very high concentrations in areas which have not been exposed to mining [7] [43], suggesting that the sediments in the studied rivers may have high natural geochemical background levels of Hg. These may be elevated by downstream mining activities that contribute significant quantities into waterbodies and may be stored in the sediment in relatively high concentrations. The increases in Hg concentrations in downstream sediments relative to upstream zones have been found to be determined principally by mining activities [11] .
The maximum geological background concentrations of Hg and arsenic in upstream pristine areas are comparable to levels in non-gold mined streams reported by [11] . 
Conclusion
In conclusion, there was high spatial and temporal variation in heavy metal concentrations and environmental quality of the river and streams. Sediments had higher concentrations of Hg and As than surface water because of their high adsorptive and storage capacity. Surface water concentrations were low because of the rapid flushing rate. Natural contamination of water bodies with heavy metals may be apparent because of the highly rich mineral deposits and the high rainfall available to facilitate weathering, dissolution, transmission and sedimentation of heavy metals in the sediment. Natural and anthropogenic factors may play a role in pollution processes but evidence indicates that natural factors may play an equally important role.
